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AdS/CFT correspondence provides a new way to address Physics at strong coupling

® AdS/CFT Correspondence (Maldacena , Witten, Gubser, Klebanov, & Polyakov 1998)

weakly coupled Anti de Sitter Supergravity / strongly coupled (super)Conformal Field Theory

e Holographic Models of QCD or AdS/QCD correspondence

(Witten 1998, Polchinski & Strassler 2002, Brodsky et al. , Pomarol et al. , Erlich et al. 2005)

QCD -

e Hadronic spectrum {

* Consistency of AdS/QCD models

Confgrmal : - Dimensionful parameters (mq , Aacp)
L - Renormalization (mass scale u)

1

S}J‘S/Y : no gluino neither squark What is this gravity

—> dual theory of QCD ?
(assumed to exist)

e 0" "scalar (& 1 vector)) glueballs
e 07" scalar mesons a,(980), f3(980), ag(1450)

e chiral dynamics of QCD (vector p meson) (Karch et al. 2005)
e large-N behaviour

|+ chiral behaviour

Towards a weakly-coupled gravity dual description

of the non-perturbative physics of strong interactions

Based on PLB: hep-ph/0703316, PRD: hep-ph/0807.1054, hep-ph/0902.3864



Maldacena’s conjecture (1998) or AdS/CFT correspondence
II1B (oriented closed) superstring theory in

L 5 N =4 supersymmetric YM theory SU(N) in
AdSg % 5° - persy y SUIN)

the boundary space dAdS: (z - 0)

Anti de Sitter space % compact manifold
— _/

_ Y_ AdS radius R holographic coordinate
Holographic spacetime or bulk radius (no physical extra dim. : dual to an energy scale)
~ \
M , > p2 \‘ ; > .
X = (xH, 2) ds® = gundeMdz = — (Nuvdztdz” + a’.::“') — R‘zdﬂg
n =diag (-1,+1,+1,+1) L2 , B
ald AdSs S5
. : . . . 1 ) 1
* AdS; : solution of empty space Einstein equation Ry — SIMN R = Efﬁki’;‘\’f\
5 20 12
scalar curvature R = ——A = — —=> cosmological constant: A =— >0
3 R? R?
(de Sitter A <0)

* [sometry group : SO(2,4) — conformal structure of flat boundary space : SO(2,4)
(preserves ds?) N =4 SUSY : conformal theory (8 =0 at 3-loop level)

N =4 SUSY : global SU(4) R-symmetry

Supercharge algebra [Q; . B,] = (b,)] @ja
(i,j=1,...,.N)

« S” isometry group SO(6) G

(usually not considered for QCD)




free clgsed string _a N coincident
/ D3-branes SU(N) gauge theory

/et S P

near-horizon ¥

5 N coincident free closed string
AdS5 x S | P] D3-branes //

Supergrawty limit of type - 1B ‘t Hooft limit of N = 4 superconformal
weakly-coupled superstring theory  m— strongly-coupled Yang-Mills SU(N)
in 10d warped spacetime in 4d Minkowski spacetime
(closed) string Parameter correspondence Gauge group

coupling constant | Js: ¥ ‘ - < of (rank+1) =
PINg ( »9) 1) |27 9. = gvu (gvya, V)
1
Regge slope @’ (2) R_ — 9 g%,”NC \ YM coupling
(string length £,) (4 " , . 2 s
i = ¢ (‘t Hooft coupling A = g5, NV )
t = 1g
* ‘t Hooft limit (large N with A fixed) : Tree-level perturbative string theory :
, A = 1
Iym =3 <<1 g

e Strong coupling constant A>>1  (2) > Small scalar curvature : [ 3 [

SILEEVTA (string () — @ point-like particle)



Symmetry correspondence
Global chiral symmetry <

(SU(3);, x SU(3)g)

Gauge symmetry

global (SUB)L x SU(3)r)100al
Operator/field correspondence (witten, Gubser, Kiebanov, Polyakov 1998)
4d boundary operator O(z") > 5d bulk field ¢(z*,z) massive, p-form
local, gauge invariant, scaling dim. A d(z,2) — 2178 ¢g(x) + 22(O(2)) (p=0)

s 4 ; i
;E‘l .JIET.-’LLi-;-?E d It'bﬂ{l ]IC'{II }\5

AdS/CFT provides 2 languages for deriving correlation functions (2-,3-,4-points)

4d boundary Néo(z'™) source field bulk-to-boundary propagator K(x,x’)

spacetime ;, _____ }
7 T Kixx) d(e™) = ﬂ y d*z' K (2™, 2'*) oo (z'#)
/ \ —

CFT operators ?

¥ ! / e

O(z'™*) ? bulk field R*migs = (A—p)(A+p—4)
7 B, 2)
/e > Z

UVl — () holographic coordinate IR |z — 0




Scale invariance breaking and AdS/QCD

dilatation invariance Y R
0 II . 11'
defldS - R_j (v datda’ + d::gj 2z — e 'z (as a spacetime coordinate)
4 5 ,Z;‘ )

canonical dim.
dilatation charge : [D, O(xz)] = —i (A +2"d,) O(z)  scaling dim.: A(g) = Ay +~(g)
7

anomalous dim. (AdS/QCD : y =0)
—> different values of z : different scales at which the hadrons are observed

- UV regime (q - oo) : boundary space 9AdS- (z- 0)

- IR regime : max. separation of quarks inside hadrons (~ x2 ) > max. value of z

e  Hard wall approx. (Polchinski & Strassler 2002) : |0 < z < 2y ™ ].f.l'f.li"'lﬂ}.[’_','ﬂ

2

% Kaluza-Klein mass spectrum (~ QM well potential) : '7”';1 x n?

2

e Soft wall approx. (Karch et al. 2006) : background dilaton field |®(z) = 2z

(Gherghetta et al. 2008 : dynamical justification)
9

b Linear Regge trajectories : 1.

n <1

(¢,2zm ) break conformal inv. of CFT : introduction of QCD scale Ny

Caveat : strong A >> 1 at any length scales (no asymptotic freedom of QCD ?)



- AdS/CFT : String-like theories — QCD-like gauge theories

- AdS/QCD : QCD properties — 5d weakly-coupled dual theory

(top-down approach)

(bottom-up approach)

Holographic models of the scalar sector of QCD
e chiral dynamics of QCD (a few operators)

* Scalar mesons: a,(980, 1450), f,(980, 1370, 1505)...

e Scalar (& vector) glueballs : bound-states of gluons (well defined in large N limit)

M* QCD operators

left- and right-handed currents :
Iy & JRyu (A=3,p=1)
chiral order parameter :
(A=3,p=0)
scalar meson operator :
0§ =qT"q (A=3,p=0)
scalar glueball operator :

qRrAqL

Os =Tr (G*) (A=4,p=0)
vector glueball operator :
Oy =Tr (G(DG)G) (A=7,p=1)

- . _
# f:[.;_.l{."r'z.] & g {.I.;'Ej.i(ii‘z.}

NOUOUONNOUONNIONNONNNIONNONNONNNNNNNNY

N

Gravity dual theory in the 5d bulk

A YA
Vi(z,z) & Al(z,2)
vector p, axial al,

g%
R'my 46 =0 pseudoscalar modes

X(z,z) =v(z)/2 2" T:2) " chiral symmetry breaking function v(z),

Rgmids — -3 chiral pion &
X(z,z) = (v(2)/2 + S(z, z)) e* ™" %) scalar a0
|
X( soft wall model |
Al 2 g
5 5 scalar glueball _ 222 |
1
Anm(z, 2) !
Zm I
R*mias =2 hard wall model iz
|




Soft Wall Model of QCD

1 I . . ” 1 o
Ssa=—7 / d°x\/—ge ") Tr {|DX|? + mi 6| X > + 52 (GY +G4)}
linear eqgs. of motion :

) =~ - . *a longitudinal $ : pseudoscalar modes
e axial-vector: Aj(q.z) = A} | (g.2) +iq.0"(q.z

o transverse AJ_ :al mesons

_ e—2(z) Le—Blz) _ — . e—2(z) _
I:'d; ( i')zﬂfi) — ¢ AL — gy Rv(z)*——5—A]| =0
- = = i
[ [, 2 2 12
o—0(z) o= () _ - =—m, =—4c*(n+1)
- . % c= "2 ~ 385 Mev

B ;_‘b['?:l. = i = o) -5{?’_4‘13] i
0. (S0 + (P S (e - 3%) =0
e pseudoscalar: — =

—B(z) —d(z)
% e chiral symmetry breaking function: 0. ( g0, u(z)) - —u(z) =0
z z*
—&(z) —B(z) _ e—2(2) _
escalar: 4. N 5l N i L SA=0
23 =D ZS




QCD Soft Wall Model for scalar mesons

XSB function scalar meson bulk field
\3\ 11(1‘:) //
scalar bulk field :  [X(z,2) = ( —L 5‘(;17,2*})52”“"'33' ~ S+ Sam
' 2 // ~
guadratic eff. action : spectroscopy SPP couplings

n-point correlation functions in terms of bulk-to-boundary propagators

e 2-point correlation function :

-QCD: M@ AE 2y — / d*ze'®™ (0| T[OA (z) OB (0)]|0)

2

. ‘ , R3 —0(2) 2
-AdS: MAIAB(2) = sAB_ K (q— czzz) c . K (q— szz)
: k c? 2 c2

L

I=—E




——> Masses (simple poles of the ¢ digamma function) : —qi = ”’E“n — 4n+6

5

"

)

2

, My, 3
> Ratio (1.612+0.004): R, = — = =
mo 2

5

> First radial excitation state (1.01+0.04) Ry = 1

. 5 N
——> Decay constants (residues) : B = 3¢ (n+1)
3
» current-vacuum matrix elt. (0.21+0.05 GeV*): F,, >~ 0.08 o\

> First radial excitation state : Fy ~0.12 GeV?

2
» _Sn becomes const. as n increases
mg,

e Large g2 limit of the 2-point correlation function : pert. contr. + power corrections
(condensates)

g o, 2 ‘
» 4-dim. gluon condensate (0,012 GeV* ) : (=2G?) = —Err-‘i ~ 0.004 Geve
- _

hl

» 6-dim. condensates (QCD « - <qo>? ) : 6-dim. positive condensates




* 3-point correlation functions :

scalar bulk field chiral bulk field
> effective interaction action : \, / \

'S 4 . TN oy .
'E'-Séj‘ ) — —3—/d5$ —ge @("}gm'ﬁw v(z)Tr {S(@Mﬁ — 3_.11’@)(6%? — 3\,0}}

‘“ /

XSB function longitudinal component

of the axial-vector bulk field

» 3-point correlator ——=> scalar form factor —=> SPP couplings :

50
. Fefig: o
) U1 Ctp'} 5] abey 2 abc nYS,mw
Hf?‘:ﬂ}ﬂbc(pl.?g) - ? fZFabc( 2) & F“ (q ) — —d E T A
ay | pip3 " =% q* +mg
1 2 - R3 & 1 8 | N2 mZ
e —B(z) 2 2 5 i | =t "‘5:11: LIl ~* ~* 2
g8, .mn = ,.I;_T fﬁ‘? 4 dz 23 ( ( RC i\,ﬂbn{f = }[(dz i ) + 2 1 ]

massless pion decay constant scalar holo. wave function axial-vector b-to-b prop. at q2 =0

0o (0) . . TR
0) _w" ?THDRC‘/ dze_czzﬂz.:(z) f x N : 9g, wr vanishes in the large N limit

SCCIY f2 chiral summetry breaking function

m a2 1 m, o 4 boundary conditions
Rq ZT(Q)L( e szzjﬂ Ji A s (S, finite when z — o~ )

.—|

y(z) =

——> | quark condensate o o< m, light quark mass (Gherghetta et al. hep-ph/0908.0725)




QCD Soft Wall Model for the scalar & vector glueballs

1 —q AN ' i
Sézcaia?‘] _ dJT\/ ge b(z) J-L"n (C}UX\J (()\,X}
2.‘%5
(vector) 1 5 ) MN (1 MN_sT 2 ST
Seq = Oy ff o/ —ge g 59 9 FrysEnt +my 597" AsAr
Spectroscopy : 73
B, i 1 2 S .3
e scalar glueball : |m¢, = c*(4n + 8) f6o.. = 1(0|05(0)|Gon)|” = h.—s‘%(” +1)(n+2)e
e vector glueball : |m?2, = ¢?(4n + 12) —> 2 — m2 = m? = 4¢°
' I-Illj’.-l'-‘.G'l'.lz — & { L —|_ THGI i Tn{:;f-.] TE T r}‘lp o C
AdS/QCD QCDSR Lattice QCD
Dominguez, Narison Hang, Zhang Morningstar Meyer

Paver (‘86) (hep-ph/9612457)! (hep-ph/9801214) | (hep-1at/9901004)! (hep-lat/0508002)

mg, 1.089 GeV <1 1.5(0.2) 1.580(150) 1.730(50)(80) 1.475(30)(65)

Morningstar
(hep-lat/9901004)

Meyer

mea, 1.334 GeV (hep-lat/0508002)

3.240(330)(150)

3.850(50)(190)



Modification of the background :
(A : perturbative parameter)

{

dilaton @(z)

. )
» UV conformal behaviour : dsj,;. — ds5is,

* IR behaviour : linear Regge behaving mass spectrum

modification of the dilaton

Mass splitting

2 9 2
My, = My, ) + )\m.n_[l]

A<O {

—

e dilaton :

e geometry:

Increasing mass splittings

Maximun effect : warped geometry

IR subleading

metric function gun(z) = CQ‘Q{E}HMN
modification of the geometry
-9 Z
®(z) =c“z 0<a<?2)
=
A(z)=—1In (ﬁ) — Acz

UV subleading

: 3/
2 2 2 4
Mg, — Mg, =C (4 ~ 1o /\)
: : 1899/
2 2 2 [, V
meg, — Mg, =C (-l — W)\)

—>

types of constraints
on the background



The large N consistent behaviour of the QCD Hard Wal

| model

The holographic implicit 'SB mechanism
Large-N behaviour
z t“n(o) =0
* normalizable modes : v, (z) = /2 J1(myp, 2) ~O(N?) {
Zm Jl(ﬂl m} i_}z'“n(zmj =)
Yo.n
* mass spectrum Mp, = — ~ O(NY) = 2, ~1/323 MeV
» decay constants F2 — _.R? (lﬁzvn(zj)u .
kgs \ =z z=¢€ UV scalar correlator behaviour
2 R (15 : ))3 in the Soft Wall model :
T ; —U0pl\ 2 ~ (N
=" g\ z=e¢ (N) R N
R 1, T
fE . :I{'Qf—g ;dz%_(o-,z) =€ B ' o
; kg2 <~ F, v,(z i
-timelike V(. 2) = ;ﬂ b D (j?:e
n=1 q KPEQ! - O(."?\'TD)
4m callod, No- WL | (Qé )
To(@am) 19 )

* b-to-b propagator
R 1
QE w O ﬁr{}
(@) x 3272 % OW) ~

e form factors : Fr(Q?%) , A,
VPP coupling constant k1 X

° . q n T X 5 s

7 kg: f2

O(N°)

- spacelike V(Q,z)=0Q (I’ (Qz) +
O(N?)

- o(vi7m)



The holographic implicit y'SB mechanism :

i { Mg X Mg ~ O(N?)
o xo=—(gq) ~O(N)

= Ql

m.
* ySB function: v(z) = qu i

pseudoscalar mode eq. of motion :

N - 1 0,m(z) =0
qz@z‘?ﬁ - Q%RE ?-1(3)2_@@3?[' =0 =
7= 2 =0 7y (2) = —1
—> Gell-Mann-Oakes-Renner relation :
2 . “z 21
g~ =¥ : o U ) .
T ol ot 1 d —dy, A0,
weE i =ms !/D u R2u(u)? (géu ( _u))
] ' J
narrow _ ko
w—0 RT
: z—+00 3
k 2 2 % 'HS I S _E 2 g2 d i
?r(z} _ __m';rfw / du— . — ?rk(;.,) = ﬂl.rrfﬁ U 2 5 = —1
R Jo R?v(u)? 1R limit R L 0 R2v(u) |
Y
1/2m, o
_ z 162 . _
R My, = my v(z) = I (-m-q + v r:rzz) ~ O(N?)
&f} m2 f? = —9m,o - 2 o
wd T k q — !IL 16?1’
o= —0 = o

R N m?rf?r = 2mgo| o~ (171 l-la*.\")g




Description of the running of the QCD coupling constant ?

holographic description of pert. QCD (consistency)

Stronger versions of AdS/CFT : finite A —=> perturbative expansion g. ~ 1/N

Wilson loop v.e.v. (Maldacena 1998) : WIC] = Zetring[C]  (FJ. hep-ph/0812.4903)
| I coulomb-like conformal behaviour 1/r at all length scales
e AdS/CFT : v;%‘(-r) x —
“ non-perturbative : non-polynomial '\

linear confinement at large distances V) (r, 25) = a(z5)r when r(z}) explodes

* AdS/QCD: {

at short-distances, we want D’Qa(r) ~ i.e. QCD running coupling

rln(r)

F(A) « A(z)| QCD B-function / metric function ? (Kiritsis et al.)




Conclusion

AdS/CFT provides a new way to address Physics at strong coupling

——> AdS/QCD : identify the main properties of the dual theory of QCD

e chiral dynamics of QCD

 scalar glueball and meson phenomenology (masses, decay constants, condensates)

» surprisingly close pheno. results regarding the simplicity of the holographic models

» scalar/vector glueball mass splitting : modification of the geometry
e consistency of the Hard Wall & Soft Wall Models

» large-N behaviour (vanishing coupling constants)

» SySB description ( ySB function v(z) )

* apparently drastic modifications of AdS/CFT to gain AdS/QCD (too drastic ?)

Higher-dimensional gravity dual theory of QCD ==> predictions at low energy !







Holographic principle and AdS/CFT, AdS/QCD applications

e Spectroscopy and Form Factors :
Csaki et al. (hep-th/9806021) ; Boschi-Filho et al. (hep-th/0207071) ; Brodsky et al. (hep-ph/0501022)
Katz et al. (hep-ph/0510388) ; Kwee et al. (hep-ph/0708.4054) ; Grigoryan et al. (hep-ph/0703069)

* Chiral symmetry breaking mechanism & light mesons :
Evans et al. (hep-th/0306018) ; Erlich et al. (hep-ph/0501128) ; Da Rold & Pomarol (hep-ph/0510268)

e Wilson loop and Heavy quarkonium QQ potential :

Maldacena (hep-th/9803002) ; Rey & Yee (hep-th/9803001) ; Sonnenschein et al. (hep-th/ 9803137)
Andreev & Zakharov (hep-ph/0604204) ; F. Jugeau (hep-ph/0812.4903)

e Heavy-light mesons :
Erdmenger et al. (hep-th/0605241) : Herzog et al. (hep-th/0802.2956)

e Baryons :
Hong et al. (hep-ph/0609270) ; Sakai & Sugimoto (hep-th/0701280); Pomarol & Wulzer (hep-ph/0904.2272)
e Quark-gluon plasma :
Son et al. (hep-th/0405231) ; Kiritsis et al. (hep-th/0812.0792)
e Deep Inelastic Scattering :
Braga et al. (hep-th /0807.1917)
e Condensed matter systems (quantum Hall effect, superconductor, superfluidity) :

Herzog, Kovtun & Son (hep-th/0809.4870) ; Hartnoll, Herzog & Horowitz(hep-th/0810.1563)

* Warped extra dimension Electroweak Physics models
Gherghetta et al. (hep-ph/0808.3977)

 Astrophysics : Holographic Dark Matter Model
Li (hep-th/0403127)



04} A JLabPLB 650 4 244

a1 -
0.09
0.08

0.07

- (GIDH limit

Freezing behaviour of QCD effective charges at low Q2

(Deur, Burkert, Chen & Korsch, Phys. Lett. B665:349-351, 2008)

i freezing behaviour of the coupling :

ﬁF % conformal window for QCD
% J[[H (also Lattice QCD, Schwinger-Dyson egs.

A JLabCLAS but first experimental evidence)

] lfl_w“.fr{ waorld data
CFT applicable to study
|::> the properties of hadrons
(AdS/QCD)

Koo pdn

% poOCD evol. eq.
Y o /n OPAL

hadrons

0 (GeV)

|
&= broken conformal behaviour transition region === partons



Lattice QCD, theoretical calculations and phenomenological models

oL /m

- & o /miLlab - GDH limit} — Burkert-loffe
—Fit pOCD evol. eq .

by

Crodfrey-Isgur

L s =
. SO Bhagwat et al. | @ Lattice QCD
I g Maris-Tandy
Ik '
EF;'.S'{'IIET ef il . B
. DSE gluon.
10 = couplings
- R L e e
o™ I



e Large q2 limit of the 2-point correlation function : pert. contr. + power corrections

(condensates)
2 ~ q? 2" ’ 1 ¢
2 %) = Aﬂl(cz 2%) + Bf&z(Cz 2 3 —]11(})2) +2— 2vp + In4
2 2 2
\ +4° [_% 111({}_3) I (1-4vg+2In 4)]
B : constant n y 2 v :
28 1 4% 1 1
GETTE W R Y (e
U 3 ¢? 15 ¢* ¢"

» 2-dim. condensate (absent in QCD since < A° > is not gauge invariant)

_ as 2\ —las 5 4 ]
» 4-dim. gluon condensate : C ) = (2?'?1} — E) Low Energy Theorem :
= " I (0) = —16ﬁma—5 G2)
> correlator at g% =0 : HL AdS) (0) = TQ?;M

5 1 (Xs 9 -~ 4 negative
e — — G*) = 0.007 Gel 9
— =15 (1 e ﬁ}) and (¢=15) (0 y ot n,

Scalar glueball b.-to-b. prop



2,2 _ 9,
fom, =2myo

(pseudo-scalar 2-point correlator)

m o .
e Hard wall model : v (2) = =2+ —2° — - > flu) = peaked
R R Rz 2( 1) at uc<<1

- 0 e 2m2
&:> 7(0,2) = — f2m? / duf(u) = — i =-1: GMOR relation

0 2m,o

e Soft wall model :

b.c.at z—> o

Vo (2) = Er(z/ ) (e2) U(1/2: 0 222 —I—B(C,?Mczzz) — const.

% f(u) not bounded from above : NO GMOR relation (other mechanism ?)



More about the Operator/Field correspondence

» Bulk field X(x,z) Qform (totally antisymmetric tensor with p indices)
O-form: @  (scalar)
1-form: Aam  (vector)
2-form: Aprny (strength field Fiun )

* 5d eq. of motion of X(x,z) : mass term @X (fﬂM)

« Superconformal gauge theory : conformal group invariant

Scale transf. : 2" — M\

\

Field X, (z*) — A2 X, (2")

Operator O(z") — A™20(z")

-/

ot ] dhi;::}rila(n (z)A=2O(x)

¢ [ dreXg(xz)O(x)y .
al_r:?f rXo(x) (E}_;‘C.TFT — )CFT

N A - scall.ng dim. = canonlcall dim.
(without anomalous dim.)

~

p> Boundary

»

&} 1-A-A=0 or ;M y

—



d d ) ‘
Homogeneous RGE : (1 a + j(k)ﬁ}\ (A)mi)ai”? =0

Scale transf.: G (p.m. A i) — G':”}(ﬂfpvﬂff A 1) = G (p, (), e7'm(t), )

0 A 0

Chiral limit m=0 : A(t) breaks scale invariance

: : , scale invariant theory
Classical theory or fixed point : =0 and A(t) = A = const.

% { Chiral QCD : m=0 —> QCD nearly conformal

. . .. N
IR fixed point A* : B(A*)=0 (asymptotically conformal in UV)
(Brodsky '02; Alkofer et al. ‘04)

AdS/CFT

{
r AdS/QCD 1

(String-inspired) Effective bulk field action peformation of the geometry from AdS
SEITTA(2M)] ds? = A5y, drtda” + d2?)

I
\ warp factor



AdS/QCD spectrum of p meson (sonetal. 0s)

& & 2 i i
QCD in M Dual theory in  AdS5 ds* = = (da* + d=?)
Chiral symmetry Gauge symmetry _ |
(SUG) % SUG3)R) 1y (SU3)y x SU3)z), Dilaton : ~ ¢(2)

CZondensate : 7q(2 Scalar field :

X(x, 2

Left/right currents :

AC R C)

eft/right gauge field
A (z,2) ARz, 2)

____ TABLE }_O\pcrmmdel

41 ff.}i:;?‘:} /n_{]l:) 'i.f"-"i:I~3\} ]

P
gLyt qr Al 1
grY"t"qr ARy 1
TRt ) (('3;3:]}( af ) 0

N__“~

| | Self — /d o/—ge™?[|DX|* +mz X* + ] zﬂ (F; + F)]
95

SONONNNNNNNNNNNNNNNNN

bulk fields

operators

(ms)?

0
0 } massless
—3




(Classical) eq. of motion : 9y (y/=ge [ VY — 0¥ VH]) =0

. Ar+ AL 7 — QT
p meson vector field: V= B — > Tl«#(fﬂ,z) = €,€ ’L(EI

Schrodinger eq. : — "+ V(2) = m2y(2)

onnection

: . 2
Regge behaviour = m; i ==>"jiaton/geometry

V()

QCD in M Dual theory in  AdSs

- -

SONNONNNNNNONNNNNNNNANN




AdS/QCD Model of light glueballs (scalar, vector)

Glueballs : Bound-states of gluons (gg...)

/

/] 2 RQ 2 2
. / _ » ds® = —\dx” + d=z
QCD in M ; Dual theory in  AdSs > i ,3'3( )
/) .
/ L Dilaton :  &(2)
/]
<=4—> Scalar field (AdSradius: R=1)
7
Vector glueball ;
| —> Vector fieldg
Ir(F(DF)F), /7 bulk fields
74 > 7
boundary operators Operators / fields of the model
4D : O(x) 5D : ¢(z,2) p A Mads”

Tr(F(DF)F) Az, 2) 1 7 24 massive

L

TrE? X(z,2) 0 4 0 } massless




boundary bulk

JPL_‘
Scalar glueball 0" TrF* (8=4) —=>  X(z,2) (p=0) mé =0
Vector glueball 17~ Ir(F(DF)F), (a=7) = Aylz,z) (p=1)  mi=24
e . e
A(zM) = / A2 K (2™, 2) Ag(z") A@M) 2 Ag(z)
AdS/CFT < ) = AdSIQCD § )
me=(A—p)(A+p—4) Ms = MMads
- -
e 1 5 —— —alz) MNo r fa r
» Scalar bulk field : S5/ =3 / A/ =ge gV (04 X ) (Oy X))
. eff L ¢ 1 un s ST
- Vector bulk field 5577 = -3 150" ¢ AsAr ]
5-dim. bulk /Dil;ton d(z) = a*2* Bulk field mass
ﬂ Fys =0yAs — 0sAn

» Broken AdS isometries/conformal sym. (energy scale [a]=1)
* Regge behaviour of the mass spectrum



. . 8 ( —.—¢nNM 3
- (Classical) eq. of motion : On (V/—ge ppNM ) — /=g “miA F_0

- Bulk field decomposition (mode) : *4#(331 z) =‘EE¢€WT:' b(z)

plane wave

V(2)

/ Mn2
QCD in M 7 Dual theory in  AdSs

/]

A1

7| A

? s - ~

/

? metric *. dilaton

4 ;

1.

/

/&

v
N

- Schrédinger eq. :  —U"+ V()0 =mi(2)  with 1(2) = a2 4 27 :("; T2 (- 1)a?

\_Y_)\\}AYJ

_q. - . _ 1
8245 AP, dilaton ¢(z) =d*2* metric  9mn — MmN
c=3: X(x,2) z

(IR :z— o0) (UV:z—-0)



« Mass spectrum : m2 = (4;”. F 1+t /(e +1)2+4md )c-ﬁ

Z — 0

. 3,2/ 2 1/ , .
« Holo. wave function : 1, (z) = A, ¢~/ %gemi+1/2 [ (=0@le,md) +1,0%%) —0 0

Kummer confluent

, [, (e4+1)2 : :
glms, c) = VI m2 + - 1 hypergeometric function
| (-n < 0 : polynomial)
Scalar glueball Vector glueball Vector p meson (Son et al. ‘05)
jPC O+t 1—— 17
Z, -
ks . TrE2 Tr(F(DF)F) ir(x)  gu(x)
c
3 (A=4) (A=7) (A=3)
AT TTTTTTTTTTTTTTTTTTT o TTTTTTTTTmeT T o
X(z,2) A (s, 2) Ag(x,2) Az, 2)
4
3 < (p=0) (p=1) (p=0)
'.rn.% 0 mi = 24 mz =0
-
E -
g < *.r;rr.i — (-_1i-;- + aj) a? i'”i — (—L?i'. + 12) a Ti'i'.i — (-—1?;' + -—1) a2
n L




Perturbed dasndkgonuntd

* AdS dual spacetime :  ds* = ¢* iy nds™ dar”™ = —(da® + d2?)

Background :
e Dilaton :  ¢(2) = ¢22*
Regge behaviour:  m? «xn == connection dilaton/metric
'\
. 0 .

» z — 0 : asymptotic AdS 6— A= —In Z) Perturbation :

O — A~ 2
T—00
* Z — oo . harmonic-like potential @ —A4 — 2’ > Osa<2

a=1

 Higher spin meson spectrum A(E) é 277 >0 J



Decay constants of glgieleditd|s

-iS‘_‘;ff (X (z,2)] (E?i [ d*zXo(xz)O(x) >

Operator/field correspondence : ¢ CFT

2-points correlator function  TI(¢*) == Decay constant W

Moco(q” ) = Mass(q?)

eQCD: Iloep(q?) =i | d'ze(0|T[O(z)O0(0)]|0)
o) ( .

Moep(q®) = @

Completeness in the 2 chronological order : "2 T m2

nds: Tasle’) = (X(g.2),0.X(a.2) )

z— 1) Bulk-to-boundary
; = propagator

Fourier transf. of X(x,z)




q

Bulk-to-boundary propagator (massless scalar bulk field) :

X[::}::,z)zf d'v'K(z,z;2/,0)Xo(2')
M+ J

\

. . . - —{
Boundary translation invariance : Kz —12';2,0) = §(z — 2

X(g.2) = K(g,2)Xo(q) with K(gq,2) =21  (massless scalar)

|:> HAQ’E.' ({jg) = };’_({L 2)(

= —m? normalizable bulk mode K,(z) T=> dual to particle states

z—0 |K,(2)~ A4,

¢* >0 non-normalizable bulk mode K(q,2) —> dualto currents (V|rtuaI|ty)

(deep inelastic limit : q — )

z—0 Ii’(g,z) ~ 1




eq. of motion :

Sturm-Liouville operator

Green’s function :

Green’s theorem :

. . E’_E’ﬁ . 9 E’_E’a
nlz) = [-r_'lz (—arﬁz) + m5— =0

completeness

DG(g*; 2,2) = —6(2 — )

. K, (2)K,(2)
G 2: 2. E_.f — E i n
(¢52,2) = T P

- - 'f_t.:.:"::glr:l ,
K(q.2) = K(q, 2" ( . )&HG((}E? 2 2) :
Z 20
5 1 . —dl(z) 2
HAQ‘.S‘(Q ) = Emm [I‘x ({L Z ‘;l 2.3 "I’jgf‘xﬂ (2)} o

oo

1 booaan
1/ z3 z

fo =44, ~/8(n+1)(n+2)




Heavy-light mesomn Spectiuim  &vans etal. os)

- D=cq Dqirichlety p-brane model of spacetime :
Qg mesons 3

- (g=uds) ==
=bq

* p spatial-dim. object
* (p+1)-dim. spacetime

D1-brane ﬂ
t
DO- brane WW D3-brane in 4-dim. Spacetime

\y(O,t)—O y (L,t)—OJ

Y : :
- Open string endpoints
Dp-branes : boundary conditions ——> attached to Dp-branes

@:l Open string spectrum

<

-
D3-brane : > D3-D3-branes:

e

-

¢

M



.
_ NP :> 1 massless vector
D3-brane : ) M = E(‘“" -1 (tachyon, massless scalars)
o
/ (harm. osc. E=hw(N+1/2))

X

1

M?=—(N-1)
D3-D3-branes : & v J
quantum osc.  classical energy of . (Energy/length)
the stretched string =~ X (length)

X1 X2

: X1 — X2
— 1 massive vector mmmmml) 1 Massless vector

(tachyon, massive scalars)
M2 = [Ty(2, — )] M*=0

Standard Model
(QCD)

3 x 3 massless vectors : 9 gauge fields : SU(3) x U(1)
in (3+1) spacetime 1]

M* 3 D3-branes$




. N superposed Dp-branes ——> Gauge theory SU(N) in (p+1) spacetime

3 D3-branes SU(3) in (3+1) spacetime
Boundary of the bulk e

* Gluons : open strings with the 2 endpoints attached on the 3 (colored) D3-branes

 Quarks : open strings with { 1 endpoint attached on the 3 (colored) D3-brane
1 endpoint attached to a flavour Dp-brane (D7-brane)

/ / /\ flavour brane
Ur . / hN /

—> _

A

color brane flavour brane color brane
(red,green) (u,d)

Q{> Massive quarks M* = [Ty(z: - -f-l)]2 Q> Massless (chiral) quarks




D3-D7-brane model of heavy-lidighnessoss

XO0,..., X3
Y holo. spacetime
A / meson string
Aé é AdSs x S°
. |
// \\_/—
o ‘ q
/
A I H » X4,..., X9
Ly_/ d D
3 D3-baryonic \ N /
branes (r,b,0) 2 D7-flavour branes
(s su@): acp ( )and(c,b)

. , 1 1
D7-D3 open string spectrum @ M* = —(N — 14 7) + [To(72 — )]’

ﬂ semi-classical string limit —> D>>d (B meson)
\
Heavy-light meson spectrum : /% = [TD(D— ﬂr)]g 1Q°|o *

Mp=770 MeV : d

—> B Ms = 6529 @?E\M V)
meson : Ms = e
My=9.4GeV :D ’ ‘Oe\‘w/



